RESEARCH

I n 2007, soybean [Glycine max
Merr.] represented 56% of the world's vegetable oil seed production, and soybean oil was second only to palm (Arecaceae: Elaeis) oil in consumption (Soy Stats 2009) . Fatty acid concentration of soybean oil is about 120 g kg -1 palmitic acid, 40 g kg -1 stearic acid, 230 g kg -1 oleic acid, 530 g kg -1 linoleic acid, and 80 g kg -1 linolenic acid (Wilson, 2004) . However, if the fatty acid profi le of soybean oil was modifi ed, the oil would play a bigger role in food, biofuel, and industrial products (Wilson, 2004) .
The primary limitation of soybean oil is low oxidative stability, which reduces shelf life and durability at high temperatures; and poor cold fl ow properties for biodiesel (Wilson, 2004) . Palmitic and stearic acid are saturated fatty acids that contribute to increased shelf life but have poor fl ow properties under cold temperatures. Linoleic and linolenic acids are polyunsaturated fatty acids that promote cold fl ow but reduce shelf life. To improve oxidative stability and undesirable taste, soy oil is hydrogenated to reduce double bonds that are sites of oxidative attack and subsequent off -fl avor development (Yadav, 1996; Liu, 1999) . Partial
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, respectively. The PIs with the highest 18:1 were MG II to III, with most lines averaging >400 g kg -1 oleic acid concentration over 16 environments. Generally, PIs in MG II to III were less stable across environments than those in MG V. However, MG III PI 379559D ranged from 381 to 513 g kg -1 with an average 439 g kg -1 oleic acid concentration and was the most stable in oleic acid content of the 15 PIs studied. PI379559D was more stable than N98-4445A or M23. PI417360 and PI506852 averaged highest in 18:1 (>330 g kg -1
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hydrogenation of soybean oil increases oxidative stability but leads to the formation of trans-fats that are associated with increased heart disease in humans (Wilson, 2004) . Oleic acid is a monounsaturated fatty acid that facilitates oxidative stability for increased shelf life and cold fl ow performance (Clemente and Kinney, 2005) . Thus, soybean oil with increased oleic acid (>500 g kg -1
) is desirable to improve functionality of soybean oil for an array of products (Wilson, 2004; Fehr, 2007; Lee et al., 2007) .
Soybean accessions with increased oleic acid have been reported (Pantalone et al., 2004b; Wilson, 2004; Fehr, 2007; Lee et al., 2007) . All high-oleic soybean lines reported to date are nontransgenic except a line developed and owned by E.I. du Pont de Nemours and Company (Clemente and Kinney, 2005) . This line with oil containing >800 g kg -1 oleic acid has been shown to be stable in oleic concentration under diff erent growth regimes (Kinney and Knowlton, 1998; Buhr et al., 2002; Fehr, 2007; T. Clemente, personal communication, 2008) . The germplasm line N78-2245 was perhaps the fi rst soybean developed with higher levels (510 g kg -1
) of oleic acid (Wilson et al., 1981) . N98-4445A, a mid-oleic soybean accession with an oleic acid concentration of 400 to 700 g kg -1 depending on environmental conditions, was developed by combining several oleic acid genes from a three-way cross of N94-2473 × (N93-2007-4 × N92-3907) (Burton et al., 2006) . Six quantitative trait loci were reported to control oleic acid content in N98-4445A (Monteros et al., 2008) . Rahman et al. (1994) developed M23 with 460 g kg -1 oleic acid content by irradiating (X-ray) seeds of Bay soybean (Buss et al., 1979) . Oleic acid content in M23 was controlled by a single partially recessive gene, designated as ol (Takagi and Rahman, 1996) . A recent study revealed that ol in M23 was the result of a deletion at the Fad2-1a locus (Sandhu et al., 2007) . Combining the ol with genes from N98-4445A has resulted in transgressive segregation for oleic acid content (Alt et al., 2005) . Lines from a population developed from N98-4445A × M23 had levels of oleic acid exceeded 700 g kg -1
. Oleic concentration in nontransgenic soybean genotypes with elevated oleic acid was aff ected by the growth environment (Primomo et al., 2002; Alt et al., 2005; Oliva et al., 2006; Scherder et al., 2008) . Scherder et al. (2008) determined that lines with the highest oleic acid concentration generally had the most variation across environments, based on either regression analysis or on the range of their oleic acid content over locations. In their study, oleic acid concentration was highest in Missouri where temperatures were warmer compared with the Iowa environments (Scherder et al., 2008) . Oliva et al. (2006) found that oleic acid was significantly infl uenced by temperature during the fi nal 30 d of the reproductive period. The highest oleic acid genotypes were the least stable for oleic acid concentration across growth environments. The high oleic acid line M23 was more stable in oleic acid across various environments than high oleic acid line N98-4445A or other elevated oleic acid genotypes. Thus, genes for elevated oleic acid from diff erent sources may be less infl uenced by environmental conditions. Plant introductions with elevated oleic acid (about 300-500 g kg -1 ) in the USDA Soybean Germplasm Collection have been reported in the Germplasm Resources Information Network (GRIN; http://www.ars-grin.gov [verifi ed 26 June 2009] ). These genotypes may be useful to develop soybean genotypes with oil >500 g kg -1 oleic acid that is desired for broader utility in numerous products than oil produced from current commercially grown soybean cultivars. However, research is needed to determine how the oleic acid content in these PIs varies when grown at diff erent locations. The objective of this study was to determine stability of oleic acid concentration across environments in each of 15 plant introductions with elevated oleic acid content.
MATERIALS AND METHODS
Eighteen soybean genotypes were used in this study, including 15 plant introductions (PIs) with elevated oleic acid content and three checks ( Table 1 ). The PIs varied in maturity from maturity group (MG) II to V, with an average oleic acid content of >300 g kg -1 based on oleic acid concentration reported Genotype 5002T was not planted at Portageville, MO, in 2005 (E1 and E2) . Also, data were not recorded at Stoneville, MS (E6), for PI561338A and PI404160B in 2006, at Columbia, MO, for PI404160B in 2007 (E14) , and Clayton, NC (E16), for PI379559D in 2007 due to poor emergence. Plots with fewer than fi ve plants were regarded as having poor emergence. Oleic acid data from plots with poor emergence were not used in the analysis of variance. Therefore, analysis of variance was conducted over 14 to 16 environments, depending on where data were available for each genotype, using PROC GLM of SAS (SAS Institute, 2004) .
To compare the stability of genotypes among environments for oleic acid in seed oil, range of average oleic acid content, coeffi cient of variation (CV), and two stability coeffi cients, b E and b T , were used as stability parameters. Stability coeffi cient (b E ) was calculated from the regression of the mean oleic acid content of a line at an environment on an environmental index. The environmental index was the mean oleic acid content of all lines at an environment minus the mean oleic acid content of all lines averaged across the 16 environments (Scherder et al., 2008) . Mean high temperature during the last 30 d of the reproductive period has shown the highest correlation with oleic acid contents in soybean seed oil (Oliva et al., 2006) . Therefore, a stability coeffi cient (b T ) for each genotype was calculated from the regression of mean oleic acid content on mean maximum temperature during the fi nal 30 d of the reproductive period over 14 temperature environments as described by Oliva et al. (2006) . Mean maximum temperature during the fi nal 30 d of the reproductive period for each accession in each environment was the mean of the daily highs for the last 30 d of seed fi ll until maturity. Genotypes having stability regression coeffi cients (b-value) closest to zero with high coeffi cient of determination (r 2 ) values are more stable, whereas those that deviate signifi cantly from zero (either positive or negative) are considered less stable to changes across environments. Weather stations at each location provided maximum temperatures for computation of mean maximum temperature during the fi nal 30 d of the reproductive period. PROC REG of SAS (SAS Institute, 2004 ) was used to calculate the two regression slopes.
RESULTS AND DISCUSSION
Oleic acid concentration in soybean seed was signifi cantly (P < 0.01) aff ected by growing environments. The genotype × environment interaction for oleic acid content was signifi cant (P < 0.01) (data not shown). Mean and variation in GRIN (http://www.ars-grin.gov [verifi ed 26 June 2009] ). The three checks included a normal oleic acid cultivar, 5002T (Pantalone et al., 2004a) ; a mid-oleic acid germplasm line, N98-4445A (Burton et al., 2006) ; and the increased oleic acid mutant line M23 (Takagi and Rahman, 1996 Table 2 .
Maturity was recorded as the date when 95% of the pods in a plot had reached their mature color. Maturity for each accession was determined from 14 environments excluding Stoneville in 2006 (E5 and E6) .
Fatty acid profi les as g kg -1 of total oil for each genotype within each environment were determined for each plot by randomly selecting fi ve plants and picking three to four pods each from middle nodes of each plant. Five seeds were randomly selected from each plot sample for fatty acid analysis. Each fi ve-seed sample was placed in a paper envelope and then manually crushed with a hammer. Oil was extracted by placing crushed seeds in 5 mL of chloroform:hexane:methanol (8:5:2, v/v/v) overnight. Derivitization was done by transferring 100 μL of extract to vials and adding 75 μL of methylating reagent (0.25 M methanolic sodium methoxide:petroleum ether:ethyl ether [1:5:2, v/v/v]). Hexane was added to bring samples to approximately 1 mL. An Agilent (Palo Alto, CA) Series 6890 capillary gas chromatograph fi tted with a fl ame ionization detector (275°C) was used with an AT-Silar capillary column (Alltech Associates, Deerfi eld, IL). Standard fatty acid mixtures (Animal and Vegetable Oil Reference Mixture 6, AOACS) were used as calibration reference standards. . Four other MG V PIs averaged >300 g kg -1 oleic acid across environments. The higher oleic acid contents of the maturity group II and III PIs compared with the group V PIs are likely due to higher temperatures during the seed fi lling period. These earlier maturing PIs generally podded, fi lled seed, and matured during warmer periods, especially at the more southern locations, resulting in higher oleic contents. Genotypes also diff ered in oleic acid concentration for early and later planting dates. In general, there was no consistent pattern that favored earlier or late planting to increase oleic acid concentration.
Oleic acid content of each genotype fl uctuated over environments and had a positive relationship with mean maximum temperature during the fi nal 30 d of the reproductive stage. For example in 2007, oleic acid content for the high oleic acid check N98-4445A was 383 g kg -1 at the most northern location, Columbia, MO (E14), where average maximum temperature was 30.4°C. The oleic acid of N98-4445A was 578 g kg -1 at Portageville, MO (E8), with a mean maximum temperature of 32.1°C and oleic acid was 659 g kg -1 at Stoneville, MS (E10), the southernmost and warmest location with an average maximum temperature of 32.5°C. The other high oleic acid check, M23, also increased in oleic acid as mean maximum temperature increased during the end of seed fi lling period to maturity in 2007 The stability parameters, range of average oleic acid, CV, and two stability coeffi cients (b T and b E ) are shown in Table 4 . Smaller numerical values for range and CV for oleic acid content for a genotype indicate it was more stable across environments. Generally, accessions with higher oleic acid concentration showed a higher range for oleic acid content and accessions with lower oleic acid content showed lower range of oleic acid content across environments (Table 4) . This relationship was observed in the signifi cant phenotypic correlation coeffi cient (r = 0.59, P < 0.01) between mean oleic acid content and average range of oleic acid (data not shown). The earlier MG II and III PIs that averaged >400 g kg -1 oleic acid showed a wider range in oleic acid content over locations than MG IV and V PIs that averaged <360 g kg -1 oleic acid. The normal oleic acid check 5002T had the least range (130 g kg -1
) in oleic acid concentration (Table 4 ). The range of N98-4445A (311 g kg -1
) with a rank of 14th was wider than that of M23 (156 g kg -1
) with a rank of fourth, indicating that it was the least stable of the two high-oleic checks. Among the PIs, PI379559D with a relatively high oleic acid content of 438 g kg -1 had a range of 156 g kg -1 in oleic acid concentration that was comparable to the range of M23 across environments. PI567205 (MG IV) and PI507307 (MG V), which ranked second and third in stability based on range, had low oleic acid contents of 328 and 301 g kg -1
, respectively.
The CVs for each genotype showed similar patterns to ranges of mean oleic acid content (Table 4) . Generally, earlymaturing accessions with relatively high oleic acid ranges tended to have relatively higher CVs than late-maturing PIs. However, the MG V PIs, PI507420 and PI458044 with relatively low oleic acid PIs, also had high CVs of 24.2 and 19.4%, respectively. The high oleic acid check N98-4445A had a relatively high CV (16.5%) for mean oleic acid content vs. the other high oleic check M23 (9.1%) with the lowest CV among all genotypes across environments. PI379559D had the lowest coeffi cient variation (10.7%) among PIs and ranked second behind M23 for lowest CV among all genotypes.
Stability coeffi cients (b T ) for each genotype showed differences in response to changes in temperature during the fi nal 30 d of the seed fi lling period to maturity (Table 4) . The most unstable genotypes for oleic acid content were MG III accessions PI379561 and PI404160B, and N98-4445A (MG IV) that had high b T values of 2.90 (r 2 = 0.40, P < 0.02), 2.43 (r 2 = 0.78, P < 0.01), and 2.05 (r 2 = 0.79, P < 0.01), respectively. These results indicate that temperature during seed fi lling periods contributed signifi cantly to oleic acid accumulation in seed oil for these soybean genotypes. Range values ( Table 4 ) also showed that these genotypes fl uctuated widely in oleic acid content under the various growing environments. The normal oleic acid check 5002T was the most stable genotype based on the Stability coeffi cients were calculated from the regression of mean oleic acid contents on mean maximum temperature during the fi nal 30 d of the reproductive period over 14 environments, except for PI379559D and 5002T, which were over 12 environments. § Stability coeffi cients for mean oleic acid content of genotypes at each environments regressed on the environmental index. ¶ Mean rank was ranked based on the average value of four stability parameters.
regression of mean high temperature during the fi nal 30 d of the reproductive period on oleic acid content in each environment. Temperature at the end of seed fi lling period showed no eff ect on the accumulation oleic acid in 5002T (r 2 = 0.01, P < 0.52). The oleic acid content of PI507307, PI567205, PI379559D, and PI561338A was not signifi cantly aff ected by temperature. PI379559D with 438 g kg -1 oleic acid was the most stable accession among PIs. The stability coeffi cient (b T ) was 1.07 (r 2 = 0.26, P < 0.08) and it was comparable to M23 (b T = 1.08, r 2 = 0.42, P < 0.01) that was relatively stable among genotypes with >400 g kg -1 oleic acid. In a previous study, N98-4445A was unstable compared with M23 under diff erent temperatures during the fi nal 30 d of seed fi lling (Oliva et al., 2006) . The results presented herein are in agreement with these fi ndings.
The stability coeffi cients (b E ) of each genotype ranged from 0.18 to 1.47, which indicated that there was large variation among genotypes for stability across environments (Table 4 ). The normal oleic check 5002T was most stable and had the lowest stability coeffi cient value (b E = 0.18) among all genotypes. PI379559D with an oleic acid content of 434 g kg -1 ranked second with a b E value of 0.26. Relatively low-level oleic acid genotypes, PI507307 and PI458044, and M23 also had low stability coeffi cients and were more stable compared with the other genotypes.
Increasing oleic acid in soybean oil is an important breeding goal to improve oxidative stability and cold fl ow properties for oil consumption in foods, industry, or biodiesel production. The PI soybean accessions were obtained from the USDA Soybean Germplasm Collection with elevated oleic acid content (300-500 g kg ) and tested to measure each genotype's stability for oleic acid over 16 environments. Results showed that some early MGs (II-III) PIs had >400 g kg -1 oleic acid and late MGs (IV-V) PIs had >300 g kg -1 oleic acid across environments. The oleic acid accumulation for these higher oleic acid PIs cannot be entirely explained by temperature during seed fi lling period, planting date, and location. However, genetic and other factors are likely be involved to explain diff erences in oleic contents of earlier maturing genotypes compared with later maturing elevated oleic acid genotypes. The normal oleic acid check 5002T had relatively lower oleic acid than elevated MG V PIs across environments. Therefore, it is likely that these higher oleic acid PIs have other genes that aff ect oleic acid biosynthesis than that of normal soybeans. Oleic acid-related gene(s) such as the Fad2 gene family (Schlueter et al., 2007) could be involved in the elevated oleic acid concentration of these PIs.
Generally, higher oleic acid genotypes were less stable than low oleic acid genotypes based on the four stability parameters. Normal oleic acid soybean 5002T was most stable across environments. However, mid-oleic acid germplasm N98-4445A was one of the least stable genotypes and the mutant line M23 was relatively stable and produced 512 g kg -1 mean oleic acid across environments (Table 4) . These results were in agreement with a previous report (Oliva et al., 2006) .
Most PIs with >400 g kg -1 oleic acid were relatively unstable except PI379559D. PI379559D ranked second based on all four stability parameters (Table 4) . Although oleic acid content of PI379559D fl uctuated across growing environments, it was less aff ected by temperature during the seed fi lling period (r 2 = 0.27, P < 0.08) than other PIs with >430 g kg -1 oleic acid content. The oleic acid content of PI379559D (434 g kg -1
) was about 80 g kg -1 less than M23 (512 g kg -1
). However, it was slightly higher in stability than M23 for oleic acid content based on the four diff erent stability parameters (Table 4 ). Therefore, PI379559D should be useful in breeding for increased oleic acid concentration. Gene(s) from this PI could be combined with other higher oleic sources to reach an oleic concentration >500 g kg -1
that is desired by processors and end users. No studies have reported inheritance, candidate genes, or mapped any genes responsible for oleic acid for PI379559D. Further studies are needed to determine number and location of genes involved for higher oleic acid from this PI. PI379559D is a MG III and has some poor traits such as poor yield, brown seed-coat color, and is susceptible to seed shattering (GRIN, http:// www.ars-grin. ) also showed relatively stable oleic content across environments. Even though the range of oleic acid content of PIs (300-496 g kg -1
) used in this study was less than that of N98-4445A (573 g kg ), these PIs could be good sources to develop lines with oleic acid contents of at least 500 g kg -1 which is desired by endusers. Genes from these PIs with higher oleic acid contents than commercially grown soybeans could be combined with M23, each other or high-oleic acid lines from N98-4445A to develop soybeans with desired oleic acid levels. Genes from these PIs may be simply inherited like the gene from M23 that would make it easier to develop productive soybean cultivars with high oleic acid concentration.
